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The physics of ruthenium has especially captured the
attention of the quantum computing community. Recently, layered
α-RuCl3 has emerged as a potential candidate for the Kitaev
quantum spin liquid owing to its spin-orbit entangled Jeff = 1/2
honeycomb lattice.[25–27] While not many oxides of RuIII are
known,[28] there exists an extensive literature on RuIV oxides
showing unusual properties such as unconventional
superconductivity (Sr2RuO4),[29,30] and itinerant ferromagnetism
(SrRuO3 and BaRuO3).[31] A few RuIV halides have also been
explored. The temperature-dependent magnetism of (NH4)2RuCl6
was reported,[32] and we have recently demonstrated the singleion behavior of the hybrid (CH3NH3)2RuX6 (X = Cl or Br)
compounds.[10] The magnetism of some alkali-metal
hexahaloruthenates(IV) was reported,[33] but no dependence on
the identity of the alkali-metal or the halide was noted.
The crystal structures of the alkali-metal and ammonium
hexahaloruthenates(IV) have not been reported, except for those
K2RuCl6[34] and (NH4)2RuCl6.[32] Furthermore, while electronic
structure calculations have suggested optical tuning through the
A cation and the halide in related vacancy-ordered double
perovskites,[15,35] there has been no experimental demonstration
of this effect with respect to the A cation. Here we report two
series of vacancy-ordered double perovskites of RuIV halides;
A2RuCl6 and A2RuBr6, where A is K, NH4, Rb or Cs. The synthesis,
X-ray crystal structures, structural evolution with the A cations and
halides, and optical and magnetic properties of these compounds
are described. Chemical control of optical properties and the
strength of SOC is demonstrated.
The compounds were synthesized by hydrothermal
reactions in excess hydrochloric or hydrobromic acid with RuCl3
as the ruthenium source (see supporting information). The
reaction mixtures were heated at 160 ºC in 23 mL Teflon-lined
stainless-steel Parr autoclaves and cooled slowly to obtain the
crystals suitable for the single-crystal X-ray diffraction (SCXRD)
for all compounds except Rb2RuBr6.
Figure 1 shows the structures of K2RuCl6 and K2RuBr6 as
typical representatives of the A2RuCl6 and A2RuBr6 series (see
Figure S1, supporting information for the structures of other

Abstract: Vacancy-ordered double perovskites are attracting
significant attention due to their chemical diversity and interesting
optoelectronic properties. With a view to understanding both the
optical and magnetic properties of these compounds, two series of
RuIV halides are presented here; A2RuCl6 and A2RuBr6, where A is K,
NH4, Rb or Cs. We show that the optical properties and spin-orbit
coupling (SOC) behaviour can be tuned through changing the A cation
and the halide. Within a series, the energy of the ligand to metal
charge-transfer increases as the unit cell expands with the larger A
cation, and the band gaps are higher for the respective chlorides than
for the bromides. The magnetic moments of the systems are
temperature-dependent due to a non-magnetic ground state with
Jeff = 0 caused by SOC. Ru–X covalency and, consequently, the
delocalization of metal d-electrons result in systematic trends of the
SOC constants due to variations in the A cation and the halide anion.

Remarkable
developments
in
perovskite-based
photovoltaics over the last decade have driven the discovery of a
wide range of new halide perovskites and related solids.[1–4] These
include 3D perovskites with different divalent metals (i.e., PbII and
SnII),[5,6] 3D double perovskites with a combination of univalent
and trivalent metals (i.e., KI/BiIII and AgI/BiIII),[7,8] as well as low
dimensional 2D,[9] and 1D perovskites.[10] Progress in this area
has also rekindled interest in K2PtIVCl6-type vacancy-ordered
double perovskites, comprising isolated metal halide octahedra
interspersed with monovalent cation. For example, the vacancyordered halides of SnIV,[11] SeIV,[12] TeIV,[13,14] and TiIV,[15] have
shown to be promising photovoltaic materials. The analogous
variants of heavier transition metals such as PtIV,[16,17] and PdIV,[18]
have also been reported. Separately, there has been significant
interest in the single-ion physics of vacancy-ordered double
perovskites and related systems of heavy transition metals. Some
progress has been made in this direction on ReIV (5 d3),[19,20] OsIV
(5 d4),[21,22] and IrIV (5 d5),[23] halides, with the last two exhibiting
strong spin-orbit coupling (SOC) effects. The ability to tune the
strength of SOC can give rise to a plethora of ground states of
interest to quantum sensing and computing.[24]
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Figure 1. Single-crystal X-ray structures of (a) K2RuCl6 and (b) K2RuBr6. The atoms are shown as their thermal ellipsoids with 50% probabilities. The ball and stick
models of [RuCl6]2- and [RuBr6]2- octahedra are shown on the right of the respective structure.

Table 1. Structural parameters of A2RuCl6 and A2RuBr6.
Compounds

Unit cell
dimension
(Å) from
SCXRD

Unit cell
dimension
(Å) from
PXRD

Ru–X
bond
distance
(Å)

X···X
distance (Å)
within
octahedra

Shortest
X···X
distance (Å)
between
octahedra

A···X
distance
(Å)

Shortest
Ru···Ru
distance
(Å)

Ratio of the A
cation radius to
the A cavity
radius

K2RuCl6

9.783(6)

9.7610

2.323(3)

3.284

3.633

3.461

6.918

0.99

(NH4)2RuCl6

9.841(5)

9.8627

2.322(1)

3.285

3.674

3.482

6.959

1.00

Rb2RuCl6

9.915(2)

9.9140

2.331(1)

3.297

3.714

3.509

7.011

1.01

Cs2RuCl6

10.205(4)

10.2126

2.331(2)

3.296

3.920

3.615

7.216

1.04

K2RuBr6

10.2804(15)

10.2900

2.470(1)

3.494

3.776

3.636

7.269

0.98

(NH4)2RuBr6

10.3407(4)

10.3563

2.4783(1)

3.505

3.807

3.658

7.312

0.98

Rb2RuBr6

NA

10.4045

NA

NA

NA

NA

7.356*

NA

Cs2RuBr6

10.6009(7)

10.6341

2.484(2)

3.513

3.983

3.752

7.496

1.05

NA; not available; * from PXRD

to the strong ligand field stabilization energy of the low-spin Ru4+
d4 ion. We have also examined the formability of these
compounds by estimating their Goldschmidt’s tolerance factor
(TF)[36] and octahedral factor ()[37] (Figure S6, supporting
information). Both sets of parameters fall well within the expected
ranges for vacancy-ordered double perovskites.[38] We also
calculated the ratio of the A cation size to the A–site cavity size
which is >0.98 (Table 1, Figure S7, supporting information),
suggesting that these compounds are expected to be stable over
a large temperature range.[35,39] By increasing the acid
concentration in the reaction medium, all the compounds could be
prepared on a large scale as phase-pure, crystalline powders, as
confirmed by powder X-ray diffraction (Figure S8, supporting
information). The lattice parameters extracted from Pawley
refinements with these patterns closely match those obtained
from the SCXRD data (Table 1).
In order to examine the charge-transfer (CT) behaviour, we
measured the CT spectra of these compounds by UV-vis-NIR
spectroscopy. The spectra exhibit intense and broad absorption
bands in the ultraviolet and visible regions (Figure 2a). These
bands can be attributed to charge-transfer from the π and σ MOs
of the ligands to the metal-centered t2g and eg orbitals.[40] The

compounds). The details of SCXRD structure determinations are
given in Table S1 (supporting information). These compounds
crystallize in the cubic K2PtCl6-type structure in space group
Fm3𝑚 with unit cell comprising [RuX6]2- (X = Cl or Br) octahedra
at the corners and face centers. The octahedra are separated by
the octahedral vacancies along the unit cell edges and
cuboctahedral cavities along the body-diagonals; the
cuboctahedral cavities are occupied by K, NH4, Rb or Cs. The
structures can, therefore, be thought of as derived from a 2×2×2
supercell of a conventional AMX3 (hypothetical) perovskite in
which half the M-sites are vacant due to the 4+ oxidation state of
Ru. As required by the cubic symmetry, the [RuX6]2- units are
regular octahedra with Ru–X bonds of equal lengths (Table 1) and
bond angles of 90° or 180° between the halide ligands. Scanning
electron microscopy reveals these compounds to exhibit
truncated octahedral morphology (Figure S2, supporting
information). The A–site cavity expands as the A cation size
increases from K to Cs. Consequently, the unit cell dimensions,
the halide to halide distances between the octahedra and the A
cation to the halide distances show a monotonous increase (Table
1, Figures S3-5, supporting information). However, the symmetry
remains constant across both the series, which we believe is due
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bands of chlorides are centered in the wavelength range of 600
nm to 750 nm, while those of bromides are in the wavelength
range of 850 nm to 950 nm. The MOs of the bromide ligands are
expected to be higher in energy due to the low electron affinity of
Br compared to Cl, resulting in a decrease of the energy of the
charge-transfer bands. This trend is consistent with those
observed in other transition metal halides,[41] as well as in
Cs2SnX6 with cubic symmetry.[42] Within each of the chloride or
bromide series, the CT bands gradually blue-shift with increasing
A cation size in the order of K < NH4 < Rb < Cs. Previous
investigations of the effect of A cation size on the electronic
transitions in K2PtCl6-type cubic systems are limited to theoretical
studies,[15,35] that have suggested that the larger A cation leads to
narrowing of the valence band as the X···X distances between
neighbouring octahedra increase (Table 1), increasing the gap
between the conduction band minimum (CBM) and valence band
maximum (VBM) (Figure 2b and c). Our results are entirely
consistent with this model. The findings are also consistent with
the classical effect of chemical pressure on band width. In addition
to the CT bands, we observe weak intra-configurational d-d bands
at low energies in the wavelength range of 1300 nm to 1400 nm.
These bands can be attributed to the electronic transition within
the t2g manifold.[43]
The magnetic susceptibilities of the compounds with the
smallest (i.e., K2RuCl6 and K2RuBr6) and largest (i.e., Cs2RuCl6
and Cs2RuBr6) unit cells in both the series were measured
between 2 K and 300 K. These compounds feature widely
separated RuIV ions and are not expected to exhibit strong
magnetic interactions. Accordingly, relatively little dependence of
the magnitude of the susceptibility on temperature is noted
(Figure S9, supporting information). The magnetic behavior
resembles that of a single ion for which exchange coupling with
other ions is negligible. Kotani[44] predicted the effective magnetic
moments for similar systems as a function of several factors,
including electron filling, spin-orbit coupling, temperature, and
ligand environment. The effective moment of low-spin RuIV d4 in
an octahedral environment is

where 𝑥 = 𝜉/k T and ξ is the spin-orbit coupling strength. This
behavior is universal for magnetic ions such as RuIV and has been
successfully used to quantify spin-orbit coupling strengths in a
range of complexes.[10,32,33] The A2RuX6 compounds reported
here follow d4 Kotani behavior extremely well (Figure 3), with the
effective magnetic moments dropping sharply at low
temperatures, corresponding to the ground state Jeff = 0.
To determine the spin-orbit coupling parameters ξ (Table 2),
we used a least-squares method to fit the susceptibility data using
Equation 1. Perhaps surprisingly, we observe that the ξ values for
the bromides are larger than those for the chlorides, and those
with the larger cation, Cs, are smaller than those for the K
compounds. All of these values are expected to be smaller than
the free-ion value due to the delocalization of the t2g electrons onto
the ligands as a result of covalency,[33] but we are unable to find
a recent estimate of this value. McQueen and co-workers[32] used a
fixed value of 1400 cm-1 in their recent study of a variety of RuIV
complexes, but this was taken from an estimate made in 1961 by
Earnshaw et al.[33]
The influence of covalency on spin-orbit coupling has been
explored in the distant past for actinide complexes, with a report
on UIV complexes showing that the ξ values decrease from
fluorides to iodides,[45] while another describes a small increase
for PaIV complexes.[46] In the case of low-spin RuIV d4 complexes,
covalency will be dominated by the –bonding which involves the
eg orbitals rather than the t2g orbitals where the electrons of the
low-spin d4 configuration are found. Any –covalency will involve
overlap between the d-orbitals (t2g) of the metal and filled pπ–
orbitals of the halide, which is expected to be weaker in Br
compared to Cl (in much the same way as –bonding is stronger
with, say, C–C bonds than with Si–Si). It is therefore reasonable

Figure 2. (a) Normalized absorption spectra of A2RuCl6 and A2RuBr6 recorded in diffuse reflectance mode and converted to absorbance spectra by using the
Kubelka-Munk function. The absorption maxima of the LMCT bands are centered around, 735 nm (K2RuCl6), 850 nm ((NH4)2RuCl6), 630 nm (Rb2RuCl6), 615 nm
(Cs2RuCl6), 960 nm (K2RuBr6) , 940 nm ((NH4)2RuBr6), 890 nm (Rb2RuBr6), 840 nm (Cs2RuBr6). (b) & (c) Qualitative energy level diagrams of A2RuCl6 and A2RuBr6,
respectively, showing narrower valence band (VB) due to lattice expansion on increasing A cation size from K to Cs.
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emphasize that one of the consequences of our work is that we
are able to control spin-orbit coupling and charge transfer in
perovskites by variation of both the A cation and the X anion.
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Figure 3. Experimental Kotani plots for (a) K2RuCl6, (b) K2RuBr6, (c) Cs2RuCl6
and (d) Cs2RuBr6. The theoretical Kotani plot for RuIV d4 ion is provided as a
black line in each panel.
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that the bromides have higher ξ values than the chlorides. Turning
to the observation that the ξ values are lower with the Cs
compounds than the K analogues, we propose that the covalency is likely to be diminished by the stronger interactions
between the smaller K cations and the halogen anions, leading to
higher ξ values in the K compounds. We believe that the regular
octahedral shape of the RuX6 ions preserves the spin-orbit
coupling.[47] While we cannot exclude the possibility that metalmetal exchange interactions may affect the Kotani behaviour, this
seems unlikely as there is no correlation between the shortest
Ru···Ru distances (Table 1) and the SOC constants (Table 2).
The present work is the first systematic experimental study
on how the spectroscopic and magnetic properties of low-spin d4
A2RuX6 systems behave with different A cations and halides, X,
within the same vacancy order perovskite structure. The results
have shed light on the subtle trends that are observed in both the
charge-transfer spectra and the temperature-dependent magnetic
moments. In the charge-transfer spectra, we find trends that
depend not only on the halide ion, but also on the radius of the A
cation. The results are consistent with earlier DFT predictions on
related compounds. In the case of the magnetic properties, the
behaviour is dominated by strong spin-orbit coupling and is in
excellent agreement with the classical single-ion model of
Kotani.[44] We have been able to obtain accurate values of the
spin-orbit coupling constants for A2RuX6 with A = K or Cs and X =
Cl or Br, and accounted for the unexpected trends in terms of the
–and –covalency in the Ru–X bonds. We would like to
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The synthesis, crystal structures, structural evolution with the A cations and halides, and optical and magnetic properties of two series
of vacancy-ordered double perovskites, A2RuCl6 and A2RuBr6, are described. Their charge-transfer spectra depend not only on the
nature of halide but also on the A cation size. From the temperature-dependent magnetic moments, accurate values for the spin-orbit
coupling constants of RuIV d4 ion are estimated.
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EXPERIMENTAL SECTION
Materials and Methods. NH4Cl (Sigma Aldrich), KCl (Merck), RbCl (Sigma Aldrich), CsCl
(Sigma Aldrich), anhydrous RuCl3 (Strem Chemicals), 37 wt. % HCl in H2O (Merck) and 48
wt. % HBr in H2O (Sigma Aldrich) were purchased from commercial sources and used as such.
The syntheses were carried out under hydrothermal conditions in 23 mL Teflon-lined
autoclaves in aqueous HCl or HBr at 160 ℃. The acidic media facilitate the reactions mainly
through three factors; (1) forming dispersions of the starting materials, (2) oxidizing RuIII into
RuIV, and (3) supplying excess halide ligands as the Ru:halide ratio increases from 1:3 in the
starting material RuCl3 to 1:6 in the desired A2RuX6 products. The compounds were separated
by filtration, washed thoroughly with ethanol and dried in vacuum oven at 60 ℃.
Synthesis of K2RuCl6. A mixture of KCl (74.55 mg, 1.0 mmol), RuCl3 (103.20 mg, 0.50 mmol)
and concentrated (37%) HCl (2 mL) was taken in a Teflon lined (23 mL) autoclave and heated
at 160 ℃ for 48 h in an electric oven. After 48 h of continuous heating, the autoclave was
allowed to cool to room temperature which yielded black single-crystals of K2RuCl6. Yield;
135 mg (69% based on RuCl3 used).
Synthesis of (NH4)2RuCl6. A mixture of NH4Cl (53.5 mg, 1.0 mmol), RuCl3 (103.20 mg, 0.50
mmol) and concentrated (37%) HCl (2 mL) was taken in a Teflon lined (23 mL) autoclave and
heated at 160 ℃ for 48 h in an oven. After 48 h of continuous heating, the autoclave was
powered off and allowed to cool to room temperature which yielded black single-crystals of
(NH4)2RuCl6. Yield; 150 mg (85% based on RuCl3 used).
Synthesis of Rb2RuCl6. A mixture of RbCl (120.90 mg, 1.0 mmol), RuCl3 (103.20 mg, 0.50
mmol) and concentrated (37%) HCl (2 mL) was taken in a Teflon lined (23 mL) autoclave and
heated at 160 ℃ for 48 h in an electric oven. After 48 h of continuous heating, the autoclave
was powered off and allowed to cool to room temperature which yielded polycrystalline
Rb2RuCl6. Yield; 180 mg (74% based on RuCl3 used). The X-ray quality single-crystals were
grown by hydrothermal reaction in 24% aqueous solution of HCl.
Synthesis of Cs2RuCl6. A mixture of CsCl (168.3 mg, 1.0 mmol), RuCl3 (103.20 mg, 0.50
mmol) and concentrated (37%) HCl (2 mL) was taken in a Teflon lined (23 mL) autoclave and
heated at 160 ℃ for 48 h in an electric oven. After 48 h of continuous heating, the autoclave
was powered off and allowed to cool to room temperature which yielded black microcrystal of
Cs2RuCl6. 170 mg (54% based on RuCl3 used). The X-ray quality single-crystals were grown
by hydrothermal reaction in 24% aqueous solution of HCl.
Synthesis of K2RuBr6. A mixture of KCl (74.55 mg, 1.0 mmol), RuCl3 (103.20 mg, 0.50 mmol)
and concentrated (48%) HBr (2 mL) was taken in a Teflon lined (23 mL) autoclave and heated
1

at 160 ℃ for 48 h in an electric oven. After 48 h of continuous heating, the autoclave was
allowed to cool to room temperature which yielded black single-crystals of K2RuBr6. Yield;
220 mg (67% based on RuCl3 used).
Synthesis of (NH4)2RuBr6. A mixture of NH4Cl (53.5 mg, 1.0 mmol), RuCl3 (103.20 mg, 0.50
mmol) and concentrated HBr (48%) (2 mL) was taken in a Teflon lined (23 mL) autoclave and
heated at 160 ℃ for 48 h in an oven. After 48 h of continuous heating, the autoclave was
powered off and allowed to cool to room temperature which yielded black crystals of
(NH4)2RuBr6. Yield; 200 mg (65% based on RuCl3 used). The X-ray quality single-crystals
were grown by hydrothermal reaction in 24% aqueous solution of HBr.
Synthesis of Rb2RuBr6. A mixture of RbCl (120.90 mg, 1.0 mmol), RuCl3 (103.20 mg, 0.50
mmol) and concentrated (48%) HBr (2 mL) was taken in a Teflon lined (23 mL) autoclave and
heated at 160 ℃ for 48 h in an electric oven. After 48 h of continuous heating, the autoclave
was powered off and allowed to cool to room temperature which yielded black crystalline
powder of Rb2RuBr6. Yield; 300 mg, 80% based on RuCl3 used.
Synthesis of Cs2RuBr6. A mixture of CsCl (168.3 mg, 1.0 mmol), RuCl3 (103.20 mg, 0.50
mmol) and concentrated (48%) HBr (2 mL) was taken in a Teflon lined (23 mL) autoclave and
heated at 160 ℃ for 48 h in an electric oven. After 48 h of continuous heating, the oven was
powered off and the autoclave was allowed to cool to room temperature which yielded black
crystals of Cs2RuCl6. 400 mg, 94% based on RuCl3 used. The X-ray quality single-crystals
were grown by hydrothermal reaction in 24% aqueous solution of HBr.
Powder X-ray diffraction and refinement. Powdered samples of RuIV chlorides and bromides
were loaded onto a Si zero-background sample holder. The data were collected on a Panalytical
Empyrean powder diffractometer with Cu Kα radiation (wavelength = 1.54056 Å). Pawley
refinements[1] of unit cell parameters were performed with TOPAS,[2]
Single-crystal X-ray diffraction and refinement. The room temperature structures of all the
compounds except Rb2RuBr6 were determined by single-crystal X-ray diffraction (scXRD)
data. The scXRD data were collected on a Bruker Kappa ApexII diffractometer equipped with
a TRIUMPH monochromator equipped with an APEXII CCD detector and Mo-Kα X-ray
source (wavelength = 0.71073 Å). The data collection was carried out with a ω-scan strategy.
The data collection, integration and structure solutions were carried out on APEX3 software.
XPREP was used for the indications of space group and look for the possibility of other
symmetries. The structures were solved by direct methods and refined by full-matrix leastsquares on F2 by using the SHELXL-2014.[3] The non-hydrogen atoms were refined
anisotropically. and structures were visualized using VESTA-3.[4]
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Scanning electron microscopy. The scanning electron microscopy experiments were
performed using a ThermoFischer Apreo C FEG SEM. An Everhart-Thornley detector (ETD)
was used to detect the secondary electrons. An acceleration voltage of 15 kV and an
acceleration current of 0.10 nA were used.
Optical properties. Diffuse reflectance spectra were collected on a Shimadzu UV-3600
UV–vis–NIR spectrometer using BaSO4 (Sigma Aldrich) as the reference for 100%
reflectance. The spectra were collected for the samples diluted with BaSO4 (8 times).
The diffuse reflectance data were transformed into the absorbance by using the
Kubelka–Munk (K-M) expression,

=

(

)
(

)

Magnetic measurements. Magnetic susceptibility was measured on a Quantum Design
MPMS3 superconducting quantum interference device (SQUID) magnetometer.
Powdered samples of K2RuCl6, Cs2RuCl6, K2RuBr6 and Cs2RuBr6 mounted in plastic
caps on a brass rod. Zero-field cooled and field cooled measurements were taken on
warming from 2K to 300K under a constant field of 500Oe. We transformed the
magnetic susceptibility 𝜒 versus temperature (𝜒𝑇) to an effective magnetic moment
using the Curie law

𝑚

3k
𝜒T
N μ

=

where k is the Boltzmann constant, NA is Avogadro’s number, and μ is the Bohr
magneton.
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Table S1. Details of single-crystal X-ray data collection and the structure refinement for
K2RuCl6, (NH4)2RuCl6, Rb2RuCl6, Cs2RuCl6, K2RuBr6, (NH4)2RuBr6 and Cs2RuBr6.

CSD number
Empirical formula
Formula weight
Temperature (K)
Wavelength (Å)
Crystal system
Space group
Unit cell dimensions
a = b = c (Å)
α = β = γ (°)
V (Å3)
Z
Calc. density (mg/m3)
Absorption coeff. (mm-1)
Crystal size (mm3)
θ range for data collection (°)
Reflections collected
Independent reflections
Completeness (%)
Refinement method
Data / restraints / parameters
Goodness-of-fit
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

K2RuCl6
2034921
K2RuCl6
391.97
299(2)
0.71073
Cubic
Fm-3m

(NH4)2RuCl6
2034922
H8N2RuCl6
349.85
298(2) K
0.71073
Cubic
Fm-3m

9.783(6)
90
936.3(18)
4
2.781
4.190
0.150 x 0.100 x 0.050
3.607 to 28.087
453
84 [R(int) = 0.0448]
100.0
Full-matrix least-squares on F2
84 / 0 / 6
1.262
R1 = 0.0331, wR2 = 0.0885
R1 = 0.0337, wR2 = 0.0888
0.942 and -0.500 e.Å-3

9.841(5)
90
953.0(13)
4
2.438
3.254
0.100 x 0.100 x 0.100
3.586 to 30.368
1250
103 [R(int) = 0.0497]
100.0
Full-matrix least-squares on F2
103 / 1 / 8
1.126
R1 = 0.0180, wR2 = 0.0327
R1 = 0.0215, wR2 = 0.0333
0.444 and -0.394 e.Å-3
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CSD number
Empirical formula
Formula weight
Temperature (K)
Wavelength (Å)
Crystal system
Space group
Unit cell dimensions
a = b = c (Å)
α = β = γ (°)
V (Å3)
Z
Calc. density (mg/m3)
Absorption coeff. (mm-1)
Crystal size (mm3)
θ range for data collection (°)
Reflections collected
Independent reflections
Completeness (%)
Refinement method
Data / restraints / parameters
Goodness-of-fit
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

Rb2RuCl6
2034923
Rb2RuCl6
484.71
295(2) K
0.71073
Cubic
Fm-3m

Cs2RuCl6
2034924
Cs2RuCl6
579.59
298(2)
0.71073
Cubic
Fm-3m

9.915(5)
90
974.8(14)
4
3.303
13.093
0.154 x 0.112 x 0.106
3.559 to 28.037
2409
88 [R(int) = 0.0261]
98.6
Full-matrix least-squares on F2
88 / 0 / 6
1.328
R1 = 0.0092, wR2 = 0.0223
R1 = 0.0096, wR2 = 0.0223
0.182 and -0.258 e.Å-3

10.205(4)
90
1062.8(12)
4
3.622
9.661
0.20 x 0.20 x 0.20
3.458 to 27.088
351
88 [R(int) = 0.0263]
100.0
Full-matrix least-squares on F2
88 / 0 / 6
1.228
R1 = 0.0182, wR2 = 0.0351
R1 = 0.0234, wR2 = 0.0362
0.546 and -0.490 e.Å-3
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CSD number
Empirical formula
Formula weight
Temperature (K)
Wavelength (Å)
Crystal system
Space group
Unit cell dimensions
a = b = c (Å)
α = β = γ (°)
V (Å3)
Z
Calc. density (mg/m3)
Absorption coeff. (mm-1)
Crystal size (mm3)
θ range for data collection (°)
Reflections collected
Independent reflections
Completeness (%)
Refinement method
Data / restraints / parameters
Goodness-of-fit
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

K2RuBr6
2034925
K2RuBr6
658.73
298(2) K
0.71073
Cubic
Fm-3m

(NH4)2RuBr6
2034926
H8N2RuBr6
616.61
295(2)
0.71073
Cubic
Fm-3m

10.2804(15)
90
1086.5(5)
4
4.027
43.847
0.15 x 0.10 x 0.10
12.245 to 68.999
755
74 [R(int) = 0.0429]
94.7
Full-matrix least-squares on F2
74 / 0 / 7
1.334
R1 = 0.0200, wR2 = 0.0511
R1 = 0.0200, wR2 = 0. 0511
0.386 and -0.292 e.Å-3

10.3407(4)
90
1105.7(2)
4
3.656
23.038
0.168 x 0.126 x 0.109
3.412 to 30.568
2534
121 [R(int) = 0.0410]
100.0
Full-matrix least-squares on F2
121 / 1 / 9
1.50
R1 = 0.0370, wR2 = 0.1361
R1 = 0.0379, wR2 = 0.1365
1.097 and -0.907 e.Å-3
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CSD number
Empirical formula
Formula weight
Temperature (K)
Wavelength (Å)
Crystal system
Space group
Unit cell dimensions
a = b = c (Å)
α = β = γ (°)
V (Å3)
Z
Calc. density (mg/m3)
Absorption coeff. (mm-1)
Crystal size (mm3)
θ range for data collection (°)
Reflections collected
Independent reflections
Completeness (%)
Refinement method
Data / restraints / parameters
Goodness-of-fit
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

Cs2RuBr6
2034927
Cs2RuBr6
846.35
295(2) K
0.71073
Cubic
Fm-3m
10.6009(7)
90
1191.3(2)
4
4.719
27.398
0.172 x 0.145 x 0.134
3.329 to 30.409
4499
127 [R(int) = 0.0761]
94.7
Full-matrix least-squares on F2
127 / 0 / 7
1.620
R1 = 0.0294, wR2 = 0.1038
R1 = 0.0299, wR2 = 0. 1039
1.155 and -0.905 e.Å-3
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure S1. Single-crystal x-ray structures of (a) K2RuCl6, (b) (NH4)2RuCl6, (c) Rb2RuCl6, (d)
Cs2RuCl6, (e) K2RuBr6, (f) (NH4)2RuBr6 and (g) Cs2RuBr6 the thermal ellipsoids of atoms
shown at their 50% probabilities.
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Figure S2. SEM images of K2RuCl6, Cs2RuCl6, K2RuBr6, and Cs2RuBr6.

Figure S3. The curve of A2RuCl6 and A2RuBr6 showing the dependence of unit cell dimensions
on the A cation size.

9

Figure S4. The curve of A2RuCl6 and A2RuBr6 showing the dependence of the shortest Cl···Cl
or Br···Br distances between the octahedra on the A cation size.

Figure S5. The curve of A2RuCl6 and A2RuBr6 showing the dependence of the distances
between the A cation and the halide on the A cation size.
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Calculation of Tolerance factor (TF), octahedral factor () and Ratio of the radius of the
A cation and the effective radius of the cuboctahedral cavity (R):

TF =

=

R=

(

)

√ (

(

(

)

)]

)

( … )

where
rA is the A cation size (Shannon).[5,6]
rX is the X anion size
rRu(IV) is the Ru(IV) ion size
(X…X)avg is the average of the shortest distances between the X anions within the octahedra
and between the octahedra.
The tolerance factors are in the range of 1.00 to 1.07 for chlorides and 0.98 to 1.05 for the
bromides, while the octahedral factors are 0.34 and 0.31 for chlorides and bromides,
respectively.

Figure S6. The curve of A2RuCl6 and A2RuBr6 showing the ratio of the A cation radius to the
A cavity radius ratio versus the tolerance factor.

11

Figure S7. The curve of A2RuCl6 and A2RuBr6 showing the dependence of ratio of the radius
of the A cation and the effective radius of the cuboctahedral cavity in which the A cation is
situated on the A cation size.

12

Figure S8. Pawley fits of the powder X-ray diffraction (PXRD) patterns of K2RuCl6,
(NH4)2RuCl6, Rb2RuCl6, Cs2RuCl6, K2RuBr6, (NH4)2RuBr6, Rb2RuBr6 and Cs2RuBr6. Black
and red curves indicate the experimental data and the fits, respectively and the cyan plots are
the differences between experimental data and their fits.
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Figure S9. The magnetic susceptibilities of (a) K2RuCl6, (b) Cs2RuCl6, (c) K2RuBr6, and (d)
Cs2RuBr6, measured between 2 K and 300 K under a 500Oe field on warming. The separation
between the ZFC and FC in all the traces is not due to magnetic ordering and is instead due to
adventitious magnetic impurities that reveal themselves in the low susceptibility background
of these samples.
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